Because incubation by birds is energetically costly, parents frequently trade off investment in incubation against self-maintenance. This can be manifested by a reduction in incubation temperature, which comes at high somatic costs for nestlings. The extent to which these costs constrain fitness is poorly understood. We incubated wild blue tit clutches at three biologically relevant temperatures and subsequently recorded winter survival and survival to the breeding season. Fledglings from the coldest treatment (35.08C) survived less well than other fledglings, but the proportion of winter and breeding survivors did not differ significantly between treatments. However, survival probability in both seasons increased with body mass at fledging in birds from low and mid incubation temperatures, but decreased with fledging body mass in the high-temperature treatment. Mid-temperature nestlings were heavier as adults, weighing 7% more than low-and high-temperature survivors. Thus, high incubation temperature can be beneficial in the short term, but costs of accelerated embryonic development may equal those of protracted development in the long term. Such hidden consequences of faster development could maintain natural selection for average incubation temperature.
Introduction
Incubation by birds is associated with a significant increase in parental energy expenditure, to levels comparable to those during chick rearing [1] . Accordingly, experimental changes in the demands of incubation either improve or hamper reproductive success, depending on the direction of manipulation [2] [3] [4] . Fitness costs of incubation are frequently also transferred to offspring, independently of effects acting on parents [5, 6] . However, few attempts have been made to better understand how costs of incubation are transferred between generations.
There are indications of a causal relationship between the energetic demands of incubation and the thermal environment parents provide for their clutch: steady-state incubation temperature is reduced when costs of incubation increase, and elevated when demands are relieved [1] . The resultant variation in embryonic temperature may alter developmental trajectories [7] to ultimately constrain or improve phenotypic traits with links to fitness, such as physiological maturation, structural size, immunocompetence and thermoregulatory capacity [8] . Thus, variation in incubation temperature could be instrumental in explaining how costs of incubation operating on parents subsequently constrain chick performance in the short term. The long-term effects of variation in incubation temperature are poorly understood, but recent results indicate that a suboptimal thermal environment in the nest & 2016 The Author(s) Published by the Royal Society. All rights reserved.
may have far-reaching consequences for both survival into adulthood and subsequent reproductive success [9, 10] .
To further our understanding of the link between incubation temperature and offspring performance, we manipulated incubation temperature in wild blue tit (Cyanistes caeruleus) clutches during 3 years. This showed that high incubation temperature accelerated the developmental period and decreased the incidence of embryo mortality, and produced structurally larger nestlings that maintained a lower energy turnover rate than low-temperature nestlings when leaving the nest [11] . In this study, we asked if these differences would persist into adulthood and be of a large enough magnitude to reduce long-term survival.
Methods
We manipulated incubation temperature (35.08C, 36.58C, or 38.08C for two-thirds of the incubation period) in blue tit clutches from a population outside Lund in southernmost Sweden (55842 0 N, 13828 0 E) in 2008-2010 [11] . Clutch size (11 + 0.1 eggs) and breeding start (23 April + 0.3 days) did not differ between treatments ( p . 0.3). Between 2009 and 2012, we systematically searched the study area for nestlings from this experiment that had survived and recruited into the local breeding population (breeding survival). Between 250 and 300 blue tit pairs bred each year during this time, of which we recaptured 90%. We also assessed survival to the first winter in January and February 2009 -2010 (i.e. for nestlings hatched in 2008 -2009) by searching all nest-boxes in the area for roosting birds at night. Each nestbox was visited twice during a period of one month, with two weeks between visits. Birds were considered winter survivors if they were resident during their first winter, or if they were observed in the population in the following spring. Biometric data (body mass, tarsus and wing lengths) were collected for all recaptured birds.
Statistics were performed using R v. 3.2.1. We analysed the probability of breeding survival in a generalized linear mixed model with a binomial error structure using survival/recruitment (0/1) as the dependent variable, temperature treatment as a factor, hatching date (standardized), brood size and body mass at fledging (and their interactions with the temperature treatment) as covariates. We included breeding attempt nested within treatment as a random effect. Winter survival was analysed in an identical model for the subset of nestlings that hatched in 2008 -2009 . Final models were derived using likelihood ratio tests. We compared mass, tarsus and wing lengths of recaptures in mixed effects models with the temperature treatment and season (winter/breeding) and their interaction as factors, hatching date as a covariate and bird identity as a random intercept.
Results
About 3% of birds (21 of 678) survived to their first winter, a number that had been reduced to 2% (22 of 965) by the breeding season. Birds from the 35.08C treatment survived in slightly lower proportions during both seasons (winter: 2.8%; summer: 1.9%) compared with the other two treatments (38.08C: winter: 3.1%; summer: 2.5%; 36.58C: winter: 3.3%; summer: 2.5%; electronic supplementary material, table S1). However, differences between treatments were not significant (Fisher's exact test: p . 0.8).
The probability of survival decreased with hatching date, similarly for all treatments in both seasons (table 1) . Winter survival probability increased with increasing fledging body mass in both 35.08C and 36.58C nestlings, but decreased with body mass in the high-temperature treatment (figure 1a). Low (11.9 + 0.3 g) and mid (12.6 + 0.2 g) temperature nestlings that survived to the winter were 0.4 + 0.3 (3%) and 1.0 + 0.4 g (8%) heavier than those that did not whereas surviving high-temperature nestlings (11.0 + 0.2 g) were 0.7 + 0.2 g (6%) lighter than non-survivors. This was true also for breeding survival (figure 1b): nestlings from the low (11.8 + 0.4 g) and mid (12.4 + 0.2 g) -temperature treatments were 0.4 + 0.3 (3%) and 1.1 + 0.3 g (10%) heavier at fledging than were non-survivors, whereas high-temperature nestlings (11.1 + 0.2 g) still alive at this time were 0.5 + 0.2 g (4%) lighter at fledging than those that were not. The probability of breeding survival was also modulated by brood size: survival in low-and mid-temperature nestlings was close to 0 for broods of less than eight nestlings but increased nonlinearly thereafter, whereas survival probability in the high-temperature treatment decreased linearly with brood size and was the highest for nestlings from broods of less than eight (which contributed only 22% of fledglings; electronic supplementary material, figure S1 ).
Mid-temperature nestlings were 6% (0.7 + 0.2 g) and 8% (0.8 + 0.2 g) heavier than low-and high-temperature nestlings upon recapture as adults (table 1 and figure 2) . Body mass at recapture did not differ between high-and lowtemperature nestlings. Structural size did not differ between treatments (tarsus and wing length: p . 0.27). Of the 10 recruiting females, only one was from the low incubation temperature treatment. This prevented evaluation of treatment-related effects on breeding performance.
Discussion
About 2% of nestlings survived to breed in their first year, but we found no indication that overall survival probability rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160087 differed between treatments. Although based on a small sample, this contrasts with laboratory findings [10] and observations made in the field [9] , where low incubation temperature hampered actual or apparent survival, respectively. It is possible that in our study early developmental conditions were less important for long-term survival than post-fledging ecological costs such as predation, which is underscored by low overall juvenile survival (electronic supplementary material, table S1). This would not be important in the laboratory (cf. [10] ), and probably would be less important in natural systems where juvenile survival is higher (e.g. in wood ducks [12] ). Alternatively, fitness costs of low incubation temperature in blue tits operate only at the embryonic stage (where low-temperature increases mortality). In that case temperature-dependent effects on the pre-fledging phenotype [11] are less important determinants of subsequent performance.
However, variation in incubation temperature affected survival also in the blue tits when taking body mass and brood size into account. High-temperature nestlings that survived were lighter at fledging than those that did not. Selective mortality of heavy high-temperature nestlings could occur via accumulation of oxidative damage and subsequent telomere attrition [13] if any survival costs from accelerated embryonic development alone [14] growth rate in heavier fledglings. This could have been further exacerbated in nestlings from the more competitive environment of a large brood [14, 15] , consistent with the decline in breeding survival probability with brood size in this treatment. By contrast, surviving low-and midtemperature birds were heavier at fledging than nonsurvivors, in line with commonly observed selection on fledgling condition [16] . Breeding survival was also the highest among larger broods in these treatments, as expected from the frequency distribution of fledglings (electronic supplementary material, figure S1 ). This could indicate that, at least in blue tits, there may be survival benefits of slower development for the individual nestling. Variation in incubation temperature typically alters the juvenile phenotype [8] , but it is poorly understood if developmental changes persist into adulthood. Of the two studies that manipulated incubation temperature and subsequently measured birds as adults, one found no effects of incubation temperature on either the juvenile or the adult phenotype [10] , and the other does not report data on adult biometry [9] . We found temperature-related effects on adult morphology (figure 2), but contrary to expectation this manifested as higher body mass in mid-temperature birds. This could result in stabilizing selection for incubation temperature over longer time periods, e.g. if higher adult body mass renders birds better prepared for winter conditions [17] or put birds at a competitive advantage.
A bad start in life may impact later life-history stages or even coming generations [18] . We show that such patterns can be far from straightforward: a seemingly optimal start in life [11] may alter survival trajectories (figure 1) and subsequent morphological development (figure 2), to the point where the adult phenotypes converge with those of individuals that suffered a bad start. This highlights the need to extend measurements of incubation temperature-dependent phenotypes beyond the juvenile stage, and pleads for caution in the interpretation of experimental effects wherein larger size of high-temperature individuals is implicitly considered permanent, and of subsequent fitness advantage. 
